ABSTRACT: Steers (379 ± 10 kg) with ruminal, duodenal, and ileal cannulas were used in a 5 × 5 Latin square digestion trial to quantify and evaluate the relationship between intestinal protein supply and intestinal starch disappearance. Treatments were infusions of 0, 50, 100, 150, or 200 g/d of casein along with 1,042 g/d of raw cornstarch. Abomasal infusions were accomplished by passing tubing and a pliable retaining washer through the reticular-omasal orifice into the abomasum. Steers were fed a 93% corn silage, 7% supplement diet that contained 12% crude protein at 1.65% body weight in 12 equal portions/d. Periods lasted 17 d (12 d for adaptation, 2 d of collections, and 3 d of
Introduction
Approximately 18 to 42% of starch consumed by beef cattle may escape ruminal digestion and be available for small intestinal digestion (Owens et al., 1986) . Of the starch reaching the duodenum, 17 to 96% (Streeter et al., 1989; Zinn, 1991) may be digested in the small intestine. The quantity of starch consumed and the extent of grain processing affect the rate of passage from the rumen and the extent of ruminal fermentation. Ow-3361 rest). The quantity and percentage of organic matter and protein disappearance from the small intestine increased linearly (P < 0.03) with infused casein. Greater quantities of starch disappeared with increased casein infusion (P < 0.01). The infusion of 200 g/d of casein increased small intestinal starch disappearance by 226 g/d over the control. Casein infusion did not affect the quantity or percent of organic matter, starch, or protein disappearance in the large intestine. Treatments did not change ruminal ammonia N, ruminal pH, or plasma glucose concentrations. Starch disappearance from the small intestine was increased with greater protein flow to the duodenum of steers. ens et al. (1986) calculated that intestinal starch digestion is more energetically efficient than ruminal fermentation. However, shifting digestion from the rumen to the small intestine has not consistently increased feed efficiency (Axe et al., 1987; Stock et al., 1987) , which suggests that ruminants have a limited ability to utilize starch in the small intestine. Recently, it has been shown that supplying a combination of protein and starch to the small intestine increases α-amylase secretion (Richards et al., 1998; Wang and Taniguchi, 1998) and portal-drained visceral appearance of glucose (Taniguchi et al., 1995) over starch infusion alone. Based on these data, we hypothesized that increasing protein flow to the small intestine would increase intestinal starch digestion. Therefore, this study was conducted to quantify and evaluate the relationship between protein supply and starch disappearance in the small intestine.
Materials and Methods

Animals and Diets
Five Angus steers (379 ± 10 kg) were used in a 5 × 5 Latin square experimental design. Steers were surgically fitted with a ruminal cannula and double-L shaped intestinal cannulas (Streeter et al., 1991) in the duodenum (10 cm distal to the pylorus) and ileum (15 cm proximal to the ileocecal junction) as described by Bohnert et al. (1998) . The University of Kentucky Animal Care and Use Committee approved surgical procedures, postsurgical animal care, and the experimental protocol. Steers were individually housed (2.5-m 2 pens) in a temperature-controlled room (23°C) with 16 h of light and 8 h of dark. A corn silage-based diet (Table 1) was balanced with a soybean-urea protein supplement to contain 12% CP. Chromic oxide was included in the supplement as a total digesta flow marker. Steers were offered the diet in 12 equal portions at 2-h intervals using automated feeders (Ankom Co., Fairport, NY) and were given ad libitum access to fresh water. Steers were weighed at the beginning of each period and DMI was adjusted to 1.65% of BW.
Treatments. All steers were infused abomasally with 43 g of raw cornstarch per hour (1,042 g/d, DM basis) and one of the following casein treatments: 1) 0 g of casein/d (OC), 2) 50 g of casein/d (50C), 3) 100 g of casein/d (100C), 4) 150 g of casein/d (150C), and 5) 200 g of casein/d (200C). Casein was prepared as a stock solution containing 6.67% casein and 0.53% Na 2 CO 3 . Casein stock solution and raw cornstarch were mixed with tap water to reach treatment concentrations in a total infusate of 6,000 g/d. The solution was stirred continuously while infused at a rate of 250 g/h with a peristaltic infusion pump (model 1203, Harvard Apparatus, Natick, MA) fitted with Tygon pump tubing (2.29 mm i.d.). Infusion tubing was passed through the ruminal cannula and reticular-omasal orifice into the abomasum. An 8-cm plastisol washer near the end of the infusion line provided an anchor point in the omasum.
Experimental Periods and Sampling. Experimental periods consisted of 17 d with 14 d of infusion and sampling followed by 3 d of rest (no infusion). Silage and supplement samples were collected from d 10 to 14 of each period and composited. During the 14 d of infusion, the first 12 d were used for adaptation and the last 2 d for sampling of ruminal fluid, ruminal contents, duodenal and ileal digesta, feces, and blood. On d 13, samples were taken from 0800 to 1800, and on d 14 samples were taken from 0900 to 1900. Duodenal digesta (250 g) and ruminal fluid (100 mL) were sampled every 2 h. Ileal digesta (250 g) and feces (100 g) were sampled every 4 h. Ruminal fluid was sampled only on d 13. The schedule allowed collection of 12 duodenal digesta samples and six ruminal fluid, ileal digesta, and fecal samples. After the last sampling on d 14, jugular blood samples (20 mL) were collected by venipuncture using heparinized syringes and placed into vacutainer tubes containing NaF (Fisher Scientific, #02-688-69). Plasma was harvested (centrifuged at 15,000 × g, 4°C) and frozen (−20°C) for subsequent analysis of glucose (Sigma Diagnostics Procedure 16-UV) and urea (Marsh et al., 1965) .
Duodenal and ileal digesta samples were frozen until the formation of composite samples by steer within period. Duodenal and ileal composite samples were formed by combining 100 g from each duodenal and ileal sample and homogenizing for 1 min (Waring blender; Waring Products, New Hartford, CT). Composite duodenal and ileal samples were lyophilized. Fecal subsamples (equal wet weights) were composited by steer within period and frozen. Feed and fecal samples were dried in a forced-air oven at 55°C for 48 and 96 h, respectively. Samples were ground through a 1-mm screen (Cyclotec 1093 Sample Mill; Tecator, Hoganas, Sweden) and analyzed for DM, OM (AOAC, 1990) , N (Leco FP-2000, Leco Corp., St. Joseph, MI), and starch (Herrera-Saldana and Huber, 1989) . Samples were prepared for Cr analysis (Williams et al., 1962) and analyzed by atomic absorption using a nitrous oxide/acetylene flame (Unicam 929 AA Spectrometer; ATI Unicam, Cambridge, UK). Sample Cr and nutrient concentrations were used to determine nutrient flows (Merchen, 1988) .
Ruminal fluid (100 mL) was collected and pH measured immediately (Accumet Basic pH Meter, Fisher Scientific). Ruminal fluid samples (5 mL) were acidified with 1 mL of 25% (wt/vol) metaphosphoric acid and stored frozen (−20°C). Frozen ruminal fluid samples were thawed, centrifuged (39,000 × g for 20 min, 4°C), and the supernatant collected for analysis of VFA (Bock et al., 1991) and ammonia N (Broderick and Kang, 1980) .
Statistics.
Data were analyzed as a 5 × 5 Latin square design using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC). The model contained period, steer, and casein infusion treatment. Linear and quadratic orthogonal contrasts were performed for the effects of casein infusion treatment. Treatment effects were considered significantly different at P < 0.05. Ruminal VFA, ammonia N, and pH data collected at set times over the sam- pling period were analyzed as repeated measures. No treatment × time interactions were detected; therefore, measurements were averaged across time, and treatment means were compared as previously described. All nutrient disappearance values were calculated as a percentage of the nutrient flowing into that segment. Infused nutrients were subtracted from duodenal nutrient flows before calculating stomach disappearances. When intake or infusion problems compromised collections from a steer, the collection was repeated after completion of the initial treatment randomization. Repeat collections were performed for one steer for each of the 0°C, 100°C, and 200°C treatments. Due to the failure of ileal cannulas in two steers, we were unable to obtain intestinal disappearance results for two animals on the 100°C treatment. The two observations without ileal measures were not included in the statistical analysis and least squares means were calculated.
Results and Discussion
Organic Matter Disappearance. Duodenal OM flow tended (P < 0.09) to increase linearly with increased casein infusion (Table 2) . However, when corrected for differences in infused casein, duodenal OM flow was unchanged (linear: P > 0.21; quadratic: P > 0.56). Organic matter flow at the ileum and feces was not affected by casein infusion. Apparent OM disappearance (quantity and percentage of intake) in the stomach (linear: P < 0.18) tended to decrease with increased casein infusion. The quantity (g/d; P < 0.02 ) and percentage of apparent OM disappearance (percent duodenal flow; P < 0.03) in the small intestine increased linearly with increased casein infusion. However, differences in infused casein are included in duodenal flows and small intestinal disappearances. When we assumed that infused casein would be completely digested and performed corrections to duodenal flows and small intestinal disappearances, there was still a linear increase (P < 0.05) in the quantity, but only a tendency (P < 0.10) for an increase in the percentage of OM disappearance in the small intestine. Differences in small intestinal OM disappearance, corrected for casein infusion, are consistent with the tendency for increased OM flow to the duodenum and the trend for reduced OM disappearance in the stomach as casein infusion increases. The quantity and percent of apparent OM disappearance in the large intestine and total tract were not affected by the infusion of casein.
It is unclear if abomasal infusion of 200 g/d of casein would affect normal stomach motility and increase ruminal passage rates. The increased quantity of nutrients infused into the abomasum might be expected to decrease ruminal outflow because of the increased quantity of nutrients in the small intestine; however, this was not the case. No differences were detected in ruminal pH, and a linear increase (P < 0.02) in total ruminal VFA concentrations occurred with casein infusion (see Table 5 ). These suggest that if decreases in OM disappearance did occur in the stomach, they were small. Mathison et al. (1995) described control mechanisms for rumen-reticular emptying, which could have affected rumen passage rates in this experiment. They suggested that control originates distal to the reticularomasal orifice and that control of abomasal emptying (duodenal flow) may be a function of abomasal and duodenal fill. Abomasal emptying has been shown to be relatively constant in sheep fed every hour (Thompson, 1973) , but diet may also alter abomasal outflow (Malbert and Baumont, 1989). Protein Disappearance. The quantity and percentage of CP apparently disappearing in the stomach was not affected by abomasal infusion of casein (Table 3) . For all treatments, CP flow leaving the rumen, corrected for infused casein, was greater than CP intake. Ruminal CP outflow, corrected for infused CP, ranged from 109 to 142% of CP intakes. The average value of 127% is higher than the range of 75 to 120% reported for diets with similar CP concentrations (NRC, 1984) , indicating a greater quantity of N being recycled to the rumen.
Casein infusion increased (P < 0.01) total CP flow at the duodenum. When duodenal CP flows were corrected for infused protein, there was no difference (linear: P > 0.36, quadratic: P > 0.71) in the amount of CP flowing from the stomach. Ileal flows of CP were not affected by casein infusion. Therefore, the linear increase (P < 0.01) in quantity and percentage (percent duodenal flow) of apparent CP disappearance in the small intestine paralleled the infusions of casein with the quantity of small intestinal apparent CP disappearance corrected for infused CP being unchanged (linear: P > 0.28; quadratic: P > 0.62). The percent of small intestinal apparent CP disappearance, as a percentage of duodenal flow, increased from 63% for 0C to 70% for 200C. These are similar to values previously suggested for apparent small intestinal CP digestibility (NRC, 1984) . The quantities and percentages (percent ileal flow) of large intestinal apparent CP disappearance were not different and slightly negative. Negative large intestinal CP disappearances suggest that microbial fermentation was occurring in the large intestine and resulted in increased nitrogen appearing in the feces as microbial CP, urea, or ammonia. Negative values are commonly reported when digestible carbohydrates flow past the ileum (Streeter and Mathis, 1995; Swingle et al., 1999; Theurer et al.,1999) . Similar to small intestinal disappearance, the quantity of apparent total-tract CP disappearance increased (P < 0.01) with increasing casein infusion. However, when expressed as a percent of total CP inputs, total-tract disappearance only showed a tendency (P < 0.06) for a linear increase.
Starch Disappearance. The quantity of apparent starch disappearance in the stomach tended to decrease (Table 4 ; P < 0.07) and the percentage of apparent starch disappearance decreased (P < 0.01) in the stomach with abomasal casein infusion. Starch disappearance in the stomach paralleled the tendencies observed for OM disappearance in the stomach. The reduction in stomach starch disappearance resulted in a linear increase (P < 0.01) in duodenal starch flow with increased casein infusion. This is in contrast to the lack of change detected in duodenal OM or CP flows corrected for infused casein. The percentage of starch that disappeared in the small intestine did not change. This resulted in greater quantities (P < 0.01) of starch disappearing in the small intestine. Differences in duodenal starch flow were altered by digestion in the small intestine, which resulted in the quantities of starch flowing past the ileum and appearing in the feces not being affected by treatment.
For both stomach OM and starch disappearance, it is unclear if the tendencies for reduced stomach disappearance are true or represent variability with measurements calculated from marker concentrations. With the lack of change in pH and the slight increase in total ruminal VFA concentrations, the trend for differences in stomach starch disappearance are questioned and the differences measured in duodenal starch flows could be driving the changes in quantity of starch being digested in the small intestine. The apparent small intestinal starch disappearance percentages for all treatments in this study are lower than the 67% disappearance obtained when cornstarch was infused into the abomasum at 40 g/h in unadapted steers (Kreikemeier et al., 1991) . Although starch was infused at a rate of 43 g/h in the current study, duodenal flows ranged from 53 to 67 g/h, with an average of 60 g/h. The average percentage and quantity of starch disappearing in the small intestine for all five of the current treatments is 54% and 34 g/h, which is comparable to the 55% and 33 g/h reported by Kreikemeier et al. (1991) with 60 g/h infusions.
Normally, increasing the amount of starch escaping ruminal fermentation (Russell et al., 1981; Owens et al., 1986) or supplied postruminally (Little et al., 1968; Kreikemeier et al., 1991) results in a greater quantity but decreased percentage (percentage of flow to the duodenum) of starch disappearing from the small intestine. With greater quantities of starch calculated to be flowing to the duodenum with increased casein infusion in the current study, there is no change in the disappearance percentage. This is similar to results from small intestinal starch digestion data of Milton et al. (1992) . In their study, steers fed 75% concentrate diets at two energy and protein levels had increased quantities of starch disappearing from the small intestine as the energy level increased, but starch disappearance (percentage of duodenal flow) did not change. Postruminal protein infusion has also been shown to increase the percentage of starch disappearing from the small intestine. Taniguchi et al. (1993) infused casein into the abomasum of sheep maintained on intragastric infusion. Small intestinal disappearance of starch increased from 55 to 93%.
The apparent quantity of large intestinal starch disappearance (Table 4) was unaffected by treatment, whereas the percentage of large intestinal digestion tended to increase (P = 0.15). Trends for the increase in quantity (P = 0.20) and percentage (P = 0.22) of totaltract apparent starch disappearance agree with results from steers abomasally infused with starch and ruminally or abomasally infused with casein (Taniguchi et al., 1995) . For Taniguchi et al. (1995) , abomasal casein infusion tended to increase the percentage of apparent total-tract starch disappearance and doubled the portal-drained visceral flux of glucose. Increasing the quantity of dietary CP supplied has also increased totaltract starch disappearance. Veira et al. (1980) fed weaned Holstein calves high-concentrate diets with 0 to 15% soybean meal replacing cracked corn and showed that total-tract apparent starch disappearance increased linearly with increased dietary protein. Streeter and Mathis (1995) fed beef steers high-concentrate diets with fish meal supplemented to supply 0, 25, 50, and 75 g/d of additional N to represent 1.0-to 1.5-fold of the steers' CP requirement. They regressed starch disappearance in the small intestine with N flow to the duodenum and found a poor relationship. However, when they regressed percent starch disappearance to percent N disappearance, starch disappearance increased 0.9% units for each percentage unit increase in N disappearance. In the current study, regressing percent starch disappearance on percentage CP disappearance results in a poor relationship (r 2 = 0.31). This is because of a lack of change in the percent starch disappearance in this experiment. However, the expression of intestinal disappearance as a percentage of nutrients flowing to the segment does not account for quantities flowing to the segment or potential differences in the extent of nutrient digestion. This suggests that the relationship between the quantities of N and starch disappearing may be of greater significance. We regressed the average quantity of starch disappearance as a function of the average quantity of CP disappearing for each treatment in the current study:
where x is the quantity of small intestinal protein disappearance and y is equal to the quantity of starch disappearance. If the regression intercept is set to 0, y = 1.1812x (r 2 = 0.87). These regressions indicate that increases in the quantity of CP disappearing are positively associated with increases in the quantity of starch disappearing.
Several reports have suggested from indirect evidence that increased pancreatic α-amylase secretion, in response to increased duodenal CP supply is responsible for improvements in small intestinal starch disappearance. In sheep (Castlebury and Preston, 1993; Taniguchi et al., 1993) and beef steers (Taniguchi et al., 1995) , small intestinal starch disappearance or net absorption of glucose has increased with infusion of casein into the abomasum. This may then be related to the increased synthesis and secretion of pancreatic α-amylase that has occurred with greater CP flows to the duodenum in sheep (Magee, 1961; Wang and Taniguchi, 1998) and the greater concentrations and total secretion of α-amylase in pancreatic juice from steers infused with starch and increasing quantities of protein into the abomasum (Richards et al., 1998) .
Plasma and Ruminal Measures. Treatments did not affect plasma glucose or urea concentrations (Table 5 ). The effect of intestinal CP supply on plasma glucose concentrations is not clear. Feeding a 90% concentrate diet and infusion of 150 or 300 g/d of casein into the abomasum did not alter arterial glucose concentrations in steers (Guerino et al., 1991) . In lactating cows fed a 56% concentrate diet and infused with 0, 240, or 460 g/d of casein into the abomasum, Konig et al. (1984) found no differences in plasma glucose concentrations. In contrast, increased plasma glucose concentrations have been reported with increased dietary CP in prepartum sheep (McNeill et al., 1998) or cows (Putnam and Varga, 1998 ) fed approximately 50% concentrate diets.
Ruminal pH and concentrations of ammonia were not affected by abomasal infusion of casein. Ruminal pH was not expected to change with abomasal infusion and was monitored to ensure the effectiveness of our abomasal infusions. If starch infused through the reticular-omasal orifice was being digested in the rumen, ruminal pH could have decreased. Ruminal ammonia concentrations ranged from 4.63 to 5.58 mM, which are above the reported levels needed to maximize rumen microbial growth (Satter and Slyter, 1974; Slyter et al., 1979) . Therefore, ruminal ammonia N was sufficient such that additional dietary N from abomasally infused casein should not affect ruminal digestion.
Total ruminal VFA concentrations increased linearly (P < 0.02) with abomasal casein infusion. However, molar percentages of individual ruminal VFA were not affected by casein infusion in the current study. Because all animals were fed equally, differences in total VFA concentrations, without changes in molar percentages, may be due to a decrease in rumen volume associated with numerically greater flows of duodenal OM as casein infusion increased. Increases in efficiency of microbial growth are also associated with increased ruminal passage rates (Isaacson et al., 1975; Owens and Bergen, 1983) , but increased efficiencies in VFA production would be counteracted by the tendency for a reduction in the quantity of OM disappearing in the rumen as casein infusion increased.
If increases in ruminal VFA concentrations were related to increased VFA production, VFA may be involved in increased small intestinal starch disappearance. Although ruminal VFA concentrations or production do not necessarily correspond to plasma concen-trations (Huntington, 1990) or flow to the pancreas, VFA have been shown to stimulate pancreatic α-amylase secretion (Katoh and Yajma, 1989) . In their study, Katoh and Yajma (1989) found that increasing in vitro concentrations of VFA resulted in increased release of pancreatic α-amylase. The most potent stimulators of α-amylases secretion were butyrate and isovalerate.
Implications
Optimizing the digestive efficiency of ruminants involves digestion in both the rumen and intestines. In ruminants fed diets with large quantities of starch reaching the duodenum, simultaneously supplying protein to the small intestine may increase the quantity of starch disappearing from that site. Whether these relationships are a viable means to improving intestinal digestibility in the fed animal remains to be determined.
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